over time (19) , and are maintained for life (20) , but the mechanisms for establishing life-long protective immunity have not been defined.
MeV has 6 structural proteins: the hemagglutinin (H) and fusion (F) surface glycoproteins, the matrix (M) protein, the nucleocapsid (N) protein, phosphoprotein (P), and large polymerase protein (L). The most rapidly produced antibodies are against the MeV N protein, and the absence of N-specific antibodies is used as an indicator of measles seronegativity (21, 22) . Antibodies against the H and F surface glycoproteins are important for virus neutralization and protection from infection (23, 24) .
Unlike infection with WT MeV, protective immunity induced by the live attenuated MeV vaccine may not be life-long and waning immunity with secondary vaccine failure can occur (25) (26) (27) (28) . Understanding the mechanisms involved in the generation and maintenance of life-long protective immunity to measles is thus critical for assessing the challenges of achieving and sustaining measles elimination through vaccination (29) . To that end, we have characterized the cell type-specific sites of viral RNA persistence and evolution of the MeV-specific antibody response in rhesus macaques over 6 months after WT MeV infection. We have identified ongoing changes in lymphoid tissue architecture, T follicular helper (Tfh) cells in circulation, and the frequencies of MeV-specific antibody-secreting cells (ASCs) in lymphoid tissue, PBMCs, and BM associated with persistence of MeV RNA. These studies suggest that persistent viral RNA and protein within lymphoid tissue promotes prolonged maturation and maintenance of the MeV-specific neutralizing antibody response and life-long protective immunity.
Results
MeV RNA persistence in immune cells. A total of 13 juvenile male rhesus macaques were infected intratracheally with WT MeV in 3 groups (cohort X = 3, Y = 5, U/V = 5). PBMCs were assessed for infectious virus by cocultivation on Vero/hSLAM cells and MeV RNA by qRT-PCR for the MeV N gene. All macaques developed a viremia 7-10 days after infection and a rash that appeared on days 10-11. Infectious virus was cleared by day 14, with persistent MeV RNA in PBMCs that gradually decreased to undetectable levels 30-90 days after infection ( Figure 1 and refs. 8, 11) .
To determine whether CD3 + T cells were the primary sites of MeV RNA persistence in PBMCs, levels of RNA in isolated CD3 + T cells were compared with levels in the total PBMC population by qRT-PCR for the MeV N gene (Figure 2A ). CD3 + T cells accounted for only a small proportion of the MeV RNA present in PBMCs. To further identify the cell types in which MeV RNA persists after clearance of infectious virus, PBMCs ( Figure 2B ) and inguinal lymph node mononuclear cells ( Figure 2C ) were sorted with magnetic beads into B cell, T cell, and monocyte populations, and digital droplet (dd) RT-PCR (PBMCs) or qRT-PCR (lymph node cells) was used to detect viral RNA. In PBMCs, MeV RNA was present primarily in CD20 + B cells up to 60 days after infection ( Figure 2B ). In lymph nodes, MeV RNA was detected in CD20 + B cells on day 71 as well as in CD3 + and CD14 + (monocyte/macrophages) cells on day 154, in addition to CD20 + cells of some animals ( Figure 2C ). Therefore, B cells were the most frequent cells, but not the only immune cell, in which MeV RNA persisted. MeV RNA was rarely detected in BM mononuclear cells ( Table 1) .
Development of the MeV-specific antibody response. Dynamics of the MeV-specific antibody response development were characterized through 6 months after infection ( Figure 3 ). IgM was detected in plasma by day 14, reached a maximum on day 21, and decreased by day 28 ( Figure 3A ). MeV-specific IgG binding and neutralizing antibodies appeared in plasma 2-3 weeks after infection, reached maximum titers by day 21, and were sustained at elevated levels through 6 months, the last time point tested ( Figure 3B ). To further define the MeV protein specificity of these antibodies, antigen-specific ELISAs for the MeV H, N, and F proteins were performed. All macaques developed antibodies against all 3 structural proteins ( Figure 3C ). Antibody responses specific for the N protein were most rapid and abundant, followed by H, and then F, and all of them were sustained for the 6 months evaluated. was quantified in quadruplicates by ddRT-PCR in PBMCs collected from Y monkeys 14-60 and 75-90 days after infection that had been sorted into CD3 + (n = 11; n = 4, respectively) and CD20 (n = 4; n = 2 respectively) subsets. (C) MeV N gene RNA was quantified in duplicate by qRT-PCR in lymph node cells collected from Y monkeys 71 and 154 days after infection that had been sorted into CD3 + , CD20 + (n = 4 at 71 days after infection), and CD14 + subsets. Numbers of animals studied vary between assays because sufficient cells were not available to perform all assays on all animals. Data are presented as (copies of MeV-N/copies of GAPDH) × 5000 for individual animals in dot plots with mean ± SD indicated.
Because the quality of the antibody response is important for protection from infection (30) , antibody avidity was also assessed. Maturation of the antibody response was slow, as avidity did not peak until 98 days after infection ( Figure 3D ). On day 28, when MeV antibody avidity was low, avidity was highest for antibody against the H and N proteins. Although avidity of antibody against all evaluated proteins, including F, improved later, the highest avidity antibody continued to have specificity for the H and N proteins ( Figure 3E ), with the mean avidity to H higher than to F (mean ± SD; H, 0.964 ± 0.214 vs. F, 0.200 ± 0.274; adjusted P < 0.001).
To further characterize development of the humoral response, we examined the appearance of ASCs in lymph nodes, PBMCs, and BM using B cell ELISpot assays. MeV-specific ASCs were present in lymph nodes 35 days after infection, with an increase on day 70 ( Figure 4A ). In PBMCs, MeV-specific ASCs were detected by 14 days after infection, with increases on weeks 3 (27.2 ± 55.3 ASCs/10 6 PBMCs) and 7 (751.5 ± 1070 ASCs/10 6 PBMCs) and continuous entry into circulation for at least 5 months after infection ( Figure 4B ). During the rash, when MeV-specific ASCs appeared in circulation and began to increase, a 10-fold increase in numbers of total ASCs was also noted ( Figure 4B ). This increase in total ASCs in relation to baseline and to MeV-specific ASCs was analyzed in more detail in an additional 4 macaques 1-6 weeks after infection ( Figure 4 , C and D). Total ASCs in blood increased 20-to 100-fold 2-3 weeks after infection compared with MeV-specific ASCs, suggesting a general effect of MeV infection on appearance of non-MeV-specific ASCs in the bloodstream during resolution of the rash.
Because BM plasma cells are the source of most plasma antibody (31, 32) , we also assessed the appearance of ASCs in the BM at 2-to 4-week intervals after infection ( Figure 4E ) for the same animals analyzed in Figure 4B . MeV-specific ASCs were detected by day 14, with an increase 28 days after infection (mean ± SD; 1032 ± 270 ASCs/10 6 BM mononuclear cells) and a sustained presence thereafter ( Figure 4E ). This pattern was confirmed in 3 additional macaques sampled 14, 35, and 100 days after infection ( Figure 4F ).
Because antibody against the H glycoprotein is most important for virus neutralization and correlates best with protection from infection (22, 23, 33) , we examined the specificity of the antibody produced by ASCs in various compartments for the X monkeys. On day 70, lymph nodes of 2 animals had equal numbers of H-and N-specific ASCs, whereas the third had more H-than N-specific ASCs ( Figure  5A ). At the same time, ASCs in PBMCs of 2 animals had equal numbers of H-and N-specific ASCs, whereas the remaining 2 had more H-than N-specific ASCs ( Figure 5B ). Although H-and N-specific ASCs were fairly equally represented in the lymph nodes and blood, analysis of the specificity of the BM ASCs showed an increasing proportion producing antibody against H through 100 days after infection ( Figure 5 , C and D). Therefore, the production of ASCs by lymph nodes with persistent MeV RNA (Figure 2C) resulted in sustained circulation of MeV-specific ASCs through 6 months after infection, with an apparent preferential accumulation of H-specific ASCs in BM ( Figure 5 ).
Germinal center formation in lymph nodes. To assess changes in the lymph nodes that harbored MeV RNA ( Figure 2 ) relevant to continuous production of ASCs (Figure 4 and Figure 5 ), we compared the morphology in lymph node tissues collected from uninfected macaques with infected macaques on days 71-72 and days 154-155 after infection ( Figure 6 ). The presence of germinal centers (GCs), the sites of ASC production, was evaluated by staining sections with hematoxylin and eosin. Infected animals had enlarged reactive lymph nodes and the numbers of GCs increased over time ( Figure 6 , A and C). Immunohistochemical staining showed that Ki-67-positive proliferating cells were abundant within GCs at both times after infection ( Figure 6B ). Ten weeks after infection, there was an average of 5 GCs within a lymph node section. And by week 22, the average number of GCs had increased to Table 1 a variable degree for all 3 animals examined at both time points ( Figure 6C ), whereas no GCs and few Ki-67-positive cells were identified in lymph nodes from uninfected macaques ( Figure 6D ). By week 22, some GCs had become hyalinized, a process by which cells and collagen fibers take on a homogeneous, acellular, "glassy" appearance ( Figure 7 , A and B). The mean number of hyalinized GCs per lymph node, identified by Mason's trichrome staining, after infection increased from less than 1 on day 71 to approximately 4 on day 154 ( Figure 7C ), representing an increase in the percentage of hyalinized GCs from a mean of 5% on day 71 to 16.3% on day 154 ( Figure 7D ). For both numbers of GCs ( Figure 6C ) and hyalinized GCs (Figure 7 , C and D), 14Y had a less dramatic change over time than 17Y and 31Y. One difference of unknown importance is that 14Y received vitamin A at the time of the rash, whereas 17Y and 31Y did not. Further study of the effect of vitamin A on the immune response to measles may be of interest. Lymph node sections were also stained for CD3 + and CD20 + cells to characterize the distribution of T cells and B cells on day 154 after infection ( Figure 7E ). CD20 + cells were mainly present in GCs, whereas CD3 + cells were mostly present in the paracortex.
. Detection of measles virus N gene RNA by ddRT-PCR in BM mononuclear cells from 5 Y group rhesus macaques
Peripheral Tfh cells steadily increased after infection. Tfh cells are a subset of CD4 + T cells that play a key role in GC reactions and are essential for B cell proliferation, affinity maturation, and the generation of long-lived memory B cells and antibody-secreting plasma cells (34) . In lymphoid tissues, Tfh cells are recognized phenotypically by their expression of CXCR5, ICOS, Bcl-6, and PD-1 and functionally by their synthesis of IL-21 that drives plasma cell differentiation (34) (35) (36) (37) . Although Tfh cells predominantly mediate their function in the lymph node, they are also found in the peripheral circulation (pTfh cells). Several lines of evidence suggest that circulating CXCR5 + CD4 + cell populations include memory cells committed to the Tfh lineage that are generated from and share functional properties with GC Tfh cells but no longer express ICOS or Bcl-6 (38) (39) (40) . Therefore, we evaluated the expression of CXCR5 on MeV H and N-specific CD4 + T cells (Figure 8 ). H-specific CD4 + CXCR5 + T cells increased after infection (0.65% ± 0.28 on day 39 to 2.61% ± 0.69 on day 113) ( Figure 8A ). N-specific CD4 + CXCR5 + T cells also increased over time after infection (0.47% ± 0.09 on day 39 to 3.97% ± 1.63 on day 113).
Next, we examined the coexpression of CXCR5 and PD-1 on MeV-specific CD4 + T cells. There was an increase in H-and N-specific CD4 + CXCR5 + PD-1 + T cells over time ( Figure 8 , B and D). However, very little IL-21 production could be detected by intracellular cytokine staining ( Figure 8C ). Therefore, MeV infection resulted in an increase in MeV-specific circulating pTfh cells for at least 4 months after infection. 
Discussion
In this study, we used a rhesus macaque model of primary WT MeV infection to characterize the development of long-lived antibody-dependent protective immunity and the association of this development process with prolonged presence of viral RNA in subsets of immune cells for 6 months after acute infection. MeV RNA was most consistently detected in B cells in both PBMCs and lymph nodes after clearance of infectious virus but was occasionally detected in T cells and monocytes several months after infection. Infection induced rapid production of MeV-specific antibodies against multiple viral proteins, whereas avidity maturation of the virus-specific antibodies occurred over months. During this period of antibody maturation, lymph node GC B cells proliferated and GCs increased in number. Two to 3 weeks after infection, MeV-specific pTfh cells and ASCs were detected in blood, with an accompanying burst of circulating ASCs that were not producing antibody against MeV. Although similar numbers of ASCs with specificity for H and N were produced in lymphoid tissue and entered the circulation, ASCs in the BM were more likely to be producing antibody against the H glycoprotein than the N protein. Together, these data suggest that persistence of WT MeV RNA in lymphoid tissue drives MeV protein production and ongoing antigenic stimulation to promote the progressive development of high-quality, long-lived plasma cells responsible for the lifelong maintenance of MeV-specific neutralizing antibodies and protective immunity.
WT MeV infects many different types of cells, but cells of the immune system that express the MeV receptor CD150/SLAM are particularly important for systemic spread and alterations in immunity due to infection (41) . Studies of macaques infected with MeV expressing EGFP and children with measles have shown that MeV infects memory T cells and both memory and naive B cells during the acute phase of infection (42, 43) . Although these populations are transiently depleted during MeV infection, infected immune cells are not eliminated and MeV N gene RNA can be detected in PBMCs for 30-90 days and within the lymph node for at least 6 months after infection ( Figure 2C) (8) . Sequences from viral RNA recovered 3-4 months after rash onset are identical to the original infecting virus (10) . Thus, although the state of the persistent RNA is unclear, the prolonged presence of MeV RNA in tissues is attributable to slow clearance rather than acquisition of escape mutations. In the current study, we determined that MeV RNA persists primarily in B cells, but also in T cells and monocytes in PBMCs and lymph nodes, but was rarely detected in BM. However, the nature and intracellular localization of this viral RNA and the time of its eventual clearance are not known. Viral RNA persistence is likely a common feature of acute RNA viral infections (8-10, 44-48) and occasionally leads to reactivation, progressive disease (e.g., subacute sclerosing panencephalitis for MeV), and/or unexpected transmission of infectious virus (e.g., filoviruses, arenaviruses, flaviviruses, alphaviruses) (45, 49-56) months or years after apparent recovery from the acute disease. However, viral RNA persistence may also provide benefit to the host through ongoing synthesis of viral antigens that stimulate progressive maturation of the antiviral immune response to establish long-term protective immunity (11). Lymphoid tissues are major sites of MeV systemic replication, and during the acute phase of measles, there is lymphopenia and depletion of cells in lymphoid tissue. This phase is followed by repopulation and proliferation of cells during the appearance of the adaptive immune response and rash (3, 42, 57, 58) . In the current study, we have shown that after resolution of the acute rash disease, there was a continued increase in formation of GCs and proliferation of B cells in lymphoid tissue for at least 6 months. This differs from GC formation observed after immunization with soluble protein antigens (59) , where GCs are present in draining lymph nodes for only 2-3 weeks. Long-term maintenance of GCs has been observed with chronic viral infections of mice, humans, and macaques (59) (60) (61) (62) (63) (64) (65) , so although infectious virus is eliminated quickly, persistence of MeV RNA is associated with GC responses similar to those observed with chronic infection. Hyalinization of reactive GCs, observed late after MeV infection, has also been described with chronic infection (61, 66) .
There is increasing evidence that the affinity of antibodies induced by infection or immunization is important for protective immunity. For instance, vaccination with inactivated MeV that leads to production of low affinity antibodies is associated with primary vaccine failure and the production of immune complexes and enhanced disease after infection (28, 30, 67) . Affinity maturation occurs in GCs through a balance between elimination of lower affinity clones and variants leading to GC homogeneity and loss of clonal diversity (68) . This process is facilitated by the ability of follicular DCs to retain antigen for B cell selection and prolonged GC reactions (59, 69) . Affinity maturation is dependent on help for B cells within GCs from stromal and Tfh cells producing IL-6, IL-21, APRIL, and CXCL12 (34, 36, (70) (71) (72) (73) . WT MeV infection induced a gradual increase in circulating virus-specific pTfh cells coincident with an increase in antibody avidity and continued production of ASCs. In HIV infection, Tfh cells increase in frequency and serve as cellular reservoirs for replication-competent virus (34, 74) , but the ability of these cells to harbor persistent MeV RNA is not known.
During the ongoing development of GCs in secondary lymphoid tissue and affinity maturation of B cells, MeV-specific ASCs were continuously appearing in circulation, presumably trafficking to BM or tis- sue sites of prior virus infection. This observation during acute MeV infection is in contrast to the response to immunization with a T-dependent antigen or inactivated vaccine, where, as with GC formation, ASCs are found in circulation for only 1-2 weeks (75) (76) (77) (78) . After respiratory syncytial virus infection, ASCs were detected in circulation for up to 2 months (79), but continued virus-specific ASC production for 6 months after an acute infection has not been previously described and likely reflects the continued activation of GCs in lymphoid tissue with persistent viral RNA.
During the first 2-3 weeks after MeV infection with the first appearance of MeV-specific ASCs, 20-100 times as many total ASCs, mostly producing antibody that is not against MeV, also appear in circulation. These cells may represent the nonspecific stimulation of memory B cells (80) or the release of plasma cells from a finite number of BM niches to make room for plasma cells secreting antibody with a new specificity (81, 82) . The latter explanation could result in the gradual decline of preexisting antibody titers and is consistent with the recently observed decrease in the diversity of antibody against other pathogens that occurs after measles (83) .
ASCs present in the BM are the main contributors to plasma levels of antibody (31, 32) . And after measles, ASCs secreting antibody against H were more likely to become established in BM than ASCs secreting antibody against N for all 3 animals examined, although similar numbers of H-and N-specific ASCs were present in secondary lymphoid tissue for 2 of 3 animals and PBMCs for 2 of 4 animals. It remains unknown whether H-specific ASCs are more likely to express receptors necessary for entering BM niches (e.g., CXCR4) or are more likely to express adhesive integrins or growth factor receptors (e.g., BCMA) necessary for survival as long-lived plasma cells after BM entry (70) . Several properties of ASCs facilitate entry into BM niches (70) , but antigen-dependent acquisition of these properties may be regulated by affinity maturation that tends to be higher for H than N or F (84) . Most MeV-neutralizing antibodies important for protection from reinfection (22) are directed against the H protein (23). Because of variability between animals, further study of larger numbers of animals will be necessary to confirm these observations, but preferential retention of long-lived plasma cells producing antibody against H in BM niches would be advantageous for maintaining protective immunity (85) .
In summary, primary WT MeV infection of rhesus macaques resulted in a prolonged induction and maturation of the antibody response that correlated with increasing GC proliferation, production of MeV-specific ASCs and pTfh cells. Thus, the continued presence of MeV RNA in lymphoid tissue is postulated to play a critical role in the maturation of virus-specific immune responses and development of lifelong protective immunity, by providing continued antigenic stimulation of both CD4 + T cells and B cells that drive GC formation and continued maturation and production of ASCs.
Methods
Animals, infection, and sample collection. A total of thirteen 2-to 3-year-old male rhesus macaques (Macaca mulatta) were obtained from the Johns Hopkins Primate Breeding Facility in 3 groups. The Bilthoven strain of WT MeV (genotype C2; gift of Albert Osterhaus, Erasmus University, Rotterdam, The Netherlands) was grown in phytohemagglutinin-stimulated human cord blood cells and assayed by plaque formation on Vero/hSLAM cells (gift from Yusuki Yanagi, Kyushu University, Fukuoka, Japan) (86) . Following baseline measurements, monkeys were infected intratracheally with 1 × 10 4 plaque-forming units of MeV in 1 mL PBS. At the onset of the rash, monkeys in the Y group received either vitamin A (100,000 units, Vitamin Angels; 14Y, 50Y) or placebo (17Y, 31Y, 46Y) for 2 days. No differences were observed between supplemented and nonsupplemented macaques (11) . Y monkeys were analyzed for viremia, RNA persistence, plasma antibody, ASCs in PBMCs and BM, lymph node histology, and pTfh cells. A second group of X monkeys (31X, 42X, 46X) had previously received a nonimmunogenic experimental sublingual MeV vaccine and were seronegative for MeV at the time of study. X monkeys were analyzed for viremia, RNA persistence, and ASCs in lymph nodes and PBMCs. A third group of 5 U/V monkeys (15U, 46U, 67U, 40V, 55V) received no additional manipulation. U/V monkey data for viremia and RNA persistence in PBMCs were previously reported (8) and, in this study, were analyzed for persistence in T cells. Due to sample availability, all assays could not be performed on all animals at all time points. Some data from the Y and U/V experimental groups have been previously reported (8, 11, 87) . Heparinized blood was collected from the femoral vein before infection and every 3-14 days after infection for 6 months. PBMCs and plasma were isolated by whole blood gradient centrifugation on Lympholyte-Mammal (Cedarlane Labs). Inguinal lymph node biopsies were performed 38 and 79 days (31X, 42X, 45X) or 71/72 days (14Y, 17Y, 31Y, 50Y) and 154/155 days after infection (14Y, 17Y, 31Y). BM was collected by aspiration from the humerus or femur into a heparinized syringe. For all procedures, monkeys were anesthetized with 10-15 mg/kg ketamine intramuscularly.
Quantification of MeV N gene RNA. MeV RNA in PBMCs and lymph node cells was quantified by qRT-PCR as previously described (8, 88) or by ddRT-PCR. To analyze individual types of cells, mononuclear cells isolated from PBMCs or LNs were sorted using magnetic beads (Miltenyi Biotec) into CD3 + , CD20 + , and CD14 + populations. Briefly, for qRT-PCR total, RNA was isolated from 2 × 10 6 cells and the N gene amplified (Applied Biosystems Prism 7700) using a one-step RT-PCR kit with TaqMan primers (MVN fwd: 5′-GGGTACCATCCTAGCCCAAATT-3′; MVN rev: 5′-CGAATCAGCTGCCGTGTCT-3′) and probe (5′-CTCGCAAAGGCGGTTACGGCC). Controls included GAPDH amplification (Applied Biosystems) and RNA isolated from cultured PBMCs from MeV-naive monkeys. Copy number was determined by construction of a standard curve from 1 × 10 1 to 1 × 10 8 copies of RNA synthesized by in vitro transcription from a plasmid encoding the Edmonston MeV N gene (MV41 5′-CATTACATCAGGATCCGG-3′; MV42 5′-GTATTGGTCCGCCTCATC-3′). The sensitivity of the assay was 50-100 copies. Data were normalized to the GAPDH control and expressed as [(copies of MeV N RNA)/(copies of GAPDH RNA)] × 5000.
For ddRT-PCR, the RNeasy Plus Micro Kit (Qiagen) was used to isolate RNA. RNA was eluted in RNase free water and 100 ng used to make cDNA using the iScript Advanced cDNA synthesis kit (Bio-Rad). A 20 μL mixture of primers, probes, Bio-Rad 2× Supermix (no dUTP), and 5 μL of cDNA was prepared and emulsified with droplet generator oil using a QX-100 droplet generator (Bio-Rad) according to the manufacturer's instructions. Samples were multiplexed with primers and probes specific for MeV N gene (5′ FAM) and GAPDH (5′ HEX). The droplets were then transferred to a 96-well reaction plate (Eppendorf) and heat-sealed with pierceable sealing foil sheets (Thermo Fisher Scientific). PCR amplification was performed in the sealed plate using a GeneAmp 9700 thermocycler (Applied Biosystems) with the following cycling parameters: 10 minutes at 95°C, 40 cycles of a 30-second denaturation at 94°C, and a 60-second extension at 59°C, followed by 10 minutes at 98°C and a hold at 12°C. Immediately following PCR amplification, droplets were analyzed using a QX100 droplet reader (Bio-Rad). All samples and controls were run in quadruplet. Data are reported as [(copies of MeV N RNA)/(copies of GAPDH RNA)] × 5000.
Antibody assays. The plaque reduction neutralization test was used to measure neutralizing antibody against MeV. The Edmonston strain of MeV was mixed with serially diluted plasma (1:3 to 1:30,000) and assayed for plaque formation on Vero cells (ATCC). Data are reported as the reciprocal of the serum dilution at which the number of plaques is reduced by 50%.
ELISAs were used to measure MeV-specific IgM and IgG in plasma. Maxisorp 96-well plates (Nalgene Nunc International) coated with lysate from MeV-infected Vero cells (1.16 μg/well; Advanced Biotechnologies) were blocked with 2% nonfat dry milk for 2 hours at 37°C. Serially diluted plasma (1:50 to 1:25,600) was added and incubated at room temperature for 2 hours. The secondary antibody was HRP-conjugated-goat anti-monkey IgM or IgG (MilliporeSigma). Plates were developed using 3,3′,5,5′-tetramethylbenzidine as the substrate and the reaction was stopped using 2 M H 2 SO 4 . Plates were read at 450 nm. The ELISA titer was the highest dilution at which responses were twice the background.
MeV protein-specific IgG responses were measured using 96-well immunoplates coated with lysates of L cells expressing MeV-H or MeV-F (1:1000) or with baculovirus-generated MeV-N (1:2000) (89, 90) . Blocking, serum dilution, IgG detection, and development were performed as above.
To assess the avidity of MeV-specific antibody, ELISAs were performed as described above, and following plasma incubation, increasing concentrations (0.5 to 3 M) of ammonium thiocyanate (NH 4 SCN) were added for 15 minutes to disrupt the antigen-antibody interaction. The avidity index was calculated as the concentration of NH 4 SCN required to remove 75% of bound antibody (AI 75 ).
ASCs. Lymph node cells or cells isolated from heparinized blood or BM by density gradient centrifugation with Lympholyte Mammal (Cedarlane Laboratories) were assessed for antibody secretion. Multiscreen HTS HA Opaque plates (Millipore) were coated with MeV-infected Vero cell lysate, H-expressing L cell lysate, baculovirus-expressed N or with purified goat-anti monkey IgG, IgM, IgA (H&L) (MilliporeSigma) and incubated at 4°C overnight. After incubation, plates were washed twice with PBS and blocked with RPMI plus 10% FBS at 37°C for 1 hour. Cells were added to plates and incubated for 6 hours at 37°C, 5%
